Cephalosporin C, a β lactam antibiotic, is produced from fungus, Cephalosporium acremonium. The production of Cephalosporin C (CPC) is a non-growth associated process. The growth phase precedes the antibiotic production phase of fungal physiology. Sufficient cell growth is required to promote adequate antibiotic synthesis. The unfortunate feature of the fungus growth is the high viscosity of the culture growth, which results in decreased oxygen transfer. Various immobilization modes viz pellets, siran carrier and silk sachets were used as alternate strategies to improve antibiotic productivity. Also, the volumetric oxygen transfer coefficients were improved for pellets, siran carrier and silk sachets. An air-lift reactor (ALR) provides improved oxygen transfer as compared to the conventional stirred-tank reactor although no mechanical agitation is provided.
Materials and Methods
Microorganism. Cephalosporin C production studies were performed using organism Cephalosporium acremonium NCIM 1069, obtained from NCL Pune, India. The culture was maintained on potato dextrose agar medium at 28°C and pH 7.4.
Growth and production medium. Batch fermentation was carried out at 28°C for 72 h on a synthetic media (Kennel and Demain, 1978) . The seed culture media contained in 1.0 l, sucrose (30 g), potassium dihydrogen phosphate (1.5 g), magnesium sulfate heptahydrate (0.3 g), and a trace metal solution, which was sterilized separately. The production medium contained in 1.0 l, sucrose (30 g), ammonium sulfate (7.5 g), oleic acid (1.5 g), dipotassium hydrogen phosphate (15.3 g), DL methionine (3.0 g) and anhydrous sodium sulfate anhydrous or dehydrous (1.7 g). The pH was maintained at 7.4.
Siran supported growth. Siran beads, obtained from Bioengineering AG, Switzerland, were shifted by sieve fractionation, and particle sizes ranging from 600-1,000 µm were pooled for fermentation in the ALR. These beads were washed thoroughly with water. Two-hundred milliliters of 5% nitric acid was placed on a 100.0 g siran carrier and degassed under vacuum. Beads were then boiled in nitric acid for 12 h under reflux. Contents were decanted and rinsed for 12 h with running distilled water. The carriers were dried in an oven at 150°C.
One-hundred-gram siran beads were autoclaved in dry state, and 100 ml of spore suspension was added to the beads. One-hundred milliliters of sterile water was also added.
Immobilization in silk sachets. Silk sachets (2 cmϫ1 cm) were sterilized, and a concentrated seed A comparative evaluation of Cephalosporin C production using various immobilization modes The production of Cephalosporin C was investigated in a lab-scale 1.4 l air-lift reactor (ALR), using various immobilization modes. Bioparticles were developed by forming biofilm of growing hyphae around an inorganic siran particle which contained spores of the organism. Silk sachet was the other immobilization matrix. The maximum specific growth rate of the Cephalosporium acremonium, free cells, pellets, siran carrier and silk sachets were 0.037, 0.003, 0.047, and 0.035 h
Ϫ1
, and specific antibiotic productivities (as compared to 100% for free cells) were 180, 150, and 125% for siran carrier, silk sachets and pellets, respectively. Immobilization modes exhibited enhanced volumetric oxygen transfer coefficient and well-controlled, three-phase hydrodynamics.
culture was put into each silk sachet aseptically. Fifty sachets exhibited sufficient porosity to enable mass transfer across the surfaces, and supported the growth of microbes. After 2-3 h of contact, the silk sachets were washed with 1.0 l distilled water and resuspended in fermentation media in ALR. Sachets were loaded into presterilized ALR.
Air-lift reactor. The studies were carried out in a 1.4 l laboratory-scale ALR (dia. 0.056 m) (Fig. 1) . It had a concentric draft tube of 0.032 m in diameter. The details of the ALR have been discussed in our earlier communications (Srivastava and Kundu, 1995) . The sample collecting port was provided with a stainless-steel screen. The superficial gas velocity was maintained at 2.5 cm s Ϫ1 and the temperature at 28°C. The pH was maintained at 7.4 using 0.1 N hydrochloric acid and 0.1 N sodium carbonate.
Analytical methods. Cell growth was measured in pellets by drying in an oven at 105°C to constant weight. The sugar in samples was estimated by the dinitrosalicylic acid method (Millis, 1959) . The bioassay, as discussed earlier, was utilized for Cephalosporin C (CPC) estimation. The microbe used was Alcaligenes faecalis (Kundu et al., 1992) . The volumetric oxygen transfer coefficient was estimated by the dynamic gassing-out technique (Ruchti et al., 1981) .
Results and Discussion

Growth and antibiotic production by free and immobilized cells
Separate batch-culture determinations were carried out using C. acremonium-free and immobilized, and the results are shown in Fig. 2 . The growth rates of siran-supported cells and silk sachets were higher than that of pellets. The specific growth rates of pellets, siran carriers and silk sachets were 0.033 h Ϫ1 , 0.047 h Ϫ1 , and 0.035 h Ϫ1 , respectively. However, for free cells, the specific growth rate was 0.037 h
Ϫ1
. The specific β-lactam antibiotic production from immobilized cells was higher than that for free cells, being 135, 120, and 125% at 160 h Ϫ1 for siran, silk sachets and pellets, respectively. This is attributed to oxygen transfer limitations, which predominantly exist in CPC biosynthesis. Nevertheless, with pellets and other immobilization modes as compared to free cells, threephase broth viscosity (solid, liquid and air bubbles) is effectively controlled and oxygen transfer in the broth is improved. Siran carrier used as support material was observed to be the most suitable, as specific β-lactam antibiotic production was maximum. Figure 3 depicts the variation of volumetric oxygen transfer coefficients with the age of fermentation in a batch mode. It was observed that, with free cells, the O 2 transfer coefficients could be maintained at 12.0 h Ϫ1 at 160 h. This effectively resulted in reduced CPC productivity. However, with the use of pellets and other immobilized forms, volumetric oxygen transfer improved as the three-phase fluid viscosity of the broth was much better controlled. Volumetric oxygen transfer coefficients observed at 160 h were 70 h Ϫ1 and 100 h Ϫ1 for pellets and siran carriers, respectively. Also, the broth viscosity was well controlled for the system.
K L a variation with fermentation age
Continuous production of Cephalosporin C
Continuous runs were made in the three-phase airlift loop bioreactor. Figure 4 shows the CPC concentration in the reactor effluent stream as a function of varying dilution rates for the feed. The dilution rate of the feed was varied from 0-0.042, and the output samples were collected and analyzed. The percentage of antibiotic production increased with a decrease in dilution rate because of longer residence time. Beyond a certain flow rate, the specific antibiotic concentration declined, which suggests that there is a critical residence time up to which production is effective. The optimal feed flow rate observed was 36 ml h Ϫ1 (Dϭ0.025 h Ϫ1 ). The specific antibiotic production rate was observed to be highest for siran-supporting growth as compared to the free cells. Also, the percentage of CPC production declined with an increase in flow rate. However, siran-supported growth exhibited higher antibiotic production.
Compared to free cells (100%), the specific antibiotic productivity for siran, pellets and silk sachets was 180, 150, and 125%, respectively.
Conclusions
The results clearly show that siran carrier can be used as a potential immobilization mode for fungal spores and CPC production. However, free-cell CPC production is a poor yield process because of the three-phase fluid dynamics of the mold. The air-lift reactor proved to be a more suitable bioreactor using the immobilization modes. It ensured a sufficient oxygen supply as the volumetric oxygen transfer coefficients were sufficiently controlled at K L aϾ80 h Ϫ1 during fermentation (as shown in Fig. 3) . However, for free-cell fermentation, the O 2 transfer coefficients were limited to lower values, Ͻ80 h Ϫ1 , during the growth phase and showed decreased antibiotic productivity. This good distribution of oxygen and nutrients occurs at a lower mechanical abrasion of the cells (free and immobilized), and under less sedimentation of mycelium and medium constituents. Fig. 4 . Relation between Cephalosporin C concentration and specific antibiotic production with feed dilution rate.
